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Abstract

Mutations in the protein DJ-1 are associated with familial forms of Parkinson’s disease, indicating that
DJ-1 may be involved in pathways related to the etiology of this disorder. Here we have used solution
state NMR and circular dichroism spectroscopies to evaluate the extent of structural perturbations
associated with five different Parkinson’s disease linked DJ-1mutations: L166P, E64D, M26I, A104T,
and D149A. Comparison of the data with those obtained for the wild-type protein shows that the L166P
mutation leads to severe and global destabilization and unfolding of the protein structure, while the
structure of the E64D mutation, as expected, is nearly unperturbed. Interestingly, the remaining three
mutants all show different degrees of structural perturbation, which are accompanied by a reduction in
the thermodynamic stability of the protein. The observed structural and thermodynamic differences are
likely to underlie any functional variations between these mutants and the wild type, which in turn are
likely responsible for the pathogenicity of these mutations.
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Over the course of the past decade, dramatic advances
have been made in the identification of genes associated
with familial forms of Parkinson’s disease (PD). Although
familial PD is relatively rare compared with idiopathic
disease, the associated genes provide an opportunity to gain
important insights into molecular pathways that lead to
Parkinsonism and that may be important in sporadic forms
of this syndrome as well. Currently, as many as 11 genetic
loci (PARK 1/4, 2, 5–8, and 9–13) with linkages to PD have
been established, and for six of these (PARK 1/4, 2, 6, 7, 8,
and 9), the responsible gene has been identified and
conclusively determined to cause familial forms of PD
(Polymeropoulos et al. 1997; Kitada et al. 1998; Bonifati

et al. 2003; Paisan-Ruiz et al. 2004; Valente et al. 2004;
Zimprich et al. 2004; Ramirez et al. 2006).

PARK7 was identified as a 24-kb gene that encodes a
189-amino-acid multifunctional protein, DJ-1 (Bonifati
et al. 2003), and several point mutations in this gene have
been associated with an autosomal recessive early onset
form of PD (Abou-Sleiman et al. 2003; Bonifati et al.
2003; Hague et al. 2003; Hering et al. 2004; Annesi et al.
2005; Tang et al. 2006). Because of the recessive nature
of DJ-1–associated PD, it is considered likely that the
development of the disease is due to the loss of function
of this protein, yet this function remains poorly under-
stood. Analysis of both the primary amino acid sequence
(Wagenfeld et al. 1998; Hod et al. 1999) and the high-
resolution structure of DJ-1 (Honbou et al. 2003; Huai
et al. 2003; Lee et al. 2003; Tao and Tong 2003; Wilson
et al. 2003) indicated that the protein belongs to the ThiJ/
PfpI/GAT protein superfamily, which includes proteins
with such diverse functions as kinase, protease, catalase,
amidotransferase, and chaperone activities.
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In vitro, a very weak proteolytic activity was reported
for DJ-1 (Olzmann et al. 2004) but other studies failed
to detect such activity (Lee et al. 2003; Wilson et al.
2003; Shendelman et al. 2004) and the high-resolution
structure of the protein revealed the absence of a properly
organized catalytic triad. In PfpI-type proteases, a Cys/
His/Glu catalytic triad is formed at an inter-subunit
interface that is absent in the DJ-1 dimer and is possibly
prevented from forming by the presence of DJ-1 a-helix
8, which is absent in PfpI-like domains. Thus, it appears
that DJ-1 is not an effective protease in vitro, but it
remains possible that the isolated protein adopts an in-
hibited conformation that may be subject to activation
and regulation in vivo. An in vitro chaperone activity was
also reported for DJ-1 based on its ability to inhibit the
aggregation of proteins such as citrate synthase, firefly
luciferase, GST, and the PD-linked protein a-synuclein
(Lee et al. 2003; Shendelman et al. 2004; Zhou et al.
2006). Chaperone activity was found to be restricted to
mildly oxidized forms of DJ-1, with the responsible oxi-
dation site being reported as either Cys 53 (Shendelman
et al. 2004) or Cys 106 (Zhou et al. 2006). Although a sep-
arate study failed to reproduce DJ-1 chaperone activity
for citrate synthase (Olzmann et al. 2004), this may have
been due to the use of either under- or over-oxidized forms
of the protein.

DJ-1 has also been proposed to function in oxidative
stress response pathways, based in part on its identifica-
tion as a protein that is sensitive to both exogenously
(hydrogen peroxide and paraquat) and endogenously
(lipopolysaccharide-mediated reactive oxidative species
production) induced oxidative stress, both of which lead
to the appearance of a low PI (5.8) form of the protein in
cultured cells (Mitsumoto and Nakagawa 2001; Mitsumoto
et al. 2001). The low PI form of the protein was dem-
onstrated to result from oxidation of Cys 106 in cells
exposed to oxidative stress (paraquat and MPP+) (Canet-
Aviles et al. 2004), and rotenone exposure also led to the
formation of the low PI form of the protein both in
cultured cells and in rats (Betarbet et al. 2006). DJ-1
knockdown in cell culture also resulted in increased
sensitivity to oxidizing reagents (Martinat et al. 2004; Taira
et al. 2004), and more recently, loss of functional DJ-1 in
both fly (Lavara-Culebras and Paricio 2007) and mouse
models (Kim et al. 2005; Andres-Mateos et al. 2007)
implied a role for DJ-1 in resistance to oxidative stress.
In vitro, DJ-1 has also been shown to be capable of
scavenging H2O2 (Canet-Aviles et al. 2004; Taira et al.
2004; Andres-Mateos et al. 2007), suggesting a peroxi-
redoxin-like peroxidase activity. In light of the evidence
for DJ-1 acting in oxidative stress response pathways, a
loss of function of the protein might be expected to lead
to cell toxicity through an increased susceptibility to
oxidative damage.

A number of different DJ-1 point mutations have been
potentially associated with familial PD and might there-
fore be expected to lead to a loss of function of the pro-
tein. Among these are the initially identified L166P lesion
(Bonifati et al. 2003), as well as the mutations M26I and
D149A (Abou-Sleiman et al. 2003), A104T (Hague et al.
2003), and E64D (Hering et al. 2004). The location of
these mutants is indicated in the primary sequence of the
protein, as well as on its three-dimensional structure, in
Figure 1. The structural and functional effects of the L166P
mutation have been characterized most thoroughly. In vitro,
this mutation leads to a drastic reduction in the secondary
structure content of the protein and the absence of any ther-
mal melting behavior (Olzmann et al. 2004; Shendelman
et al. 2004), strongly suggesting that the structure of the
mutant protein is severely perturbed. Accordingly, the
L166P mutant is found as a monomer in solution (Tao
and Tong 2003; Olzmann et al. 2004) and is also unable to
function as a chaperone (Shendelman et al. 2004) or a
protease (Olzmann et al. 2004) in vitro. In cell culture, the
L166P mutant is expressed at much lower steady-state
levels than the wild-type protein and exhibits a greatly
increased turnover rate (Macedo et al. 2003; Gorner et al.
2004; Olzmann et al. 2004). These effects are partially, but
not fully abrogated by proteasome inhibitors (Miller et al.
2003; Moore et al. 2003; Gorner et al. 2004; Olzmann et al.
2004) and the L166P, but not wild-type, protein is poly-
ubiquitnated (Olzmann et al. 2004), implying a role for the
ubiquitin/proteasome system in the turnover of this mutant,
although other degradation pathways are likely involved as
well. L166P DJ-1 is also ineffective in eliminating H2O2

within cells (Taira et al. 2004) or protecting cells from
death induced by H2O2 (Gorner et al. 2004; Martinat et al.
2004; Taira et al. 2004; Kim et al. 2005).

In contrast to the relative wealth of information avail-
able for the L166P mutation, fewer reports have appeared
describing the structural and functional effects of the four
abovementioned PD-linked DJ-1 mutations. The E64D
mutation represents a highly conservative mutation on the
surface of the protein, consistent with a crystal structure
that is nearly identical to that of the wild-type protein
(Hering et al. 2004). In cells, transfected E64D DJ-1 is
highly stable, although steady-state expression levels are
slightly less than those of the wild-type protein (Hering
et al. 2004), and turnover rates appear to be slightly
higher (Gorner et al. 2004). For A104T and D149A,
steady-state expression levels in cell culture have been
reported to be slightly decreased compared with the wild-
type protein, while M26I expression levels are dramati-
cally decreased, though still not as much as for the L166P
mutant (Blackinton et al. 2005). The M26I mutant also
exhibits a significantly increased rate of turnover, though
again this effect is not nearly as strong as for the L166P
mutant (Blackinton et al. 2005). The A104T, D149A, and
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M26I mutants were also able to form dimers in trans-
fected cells, unlike L166P, but the M26I mutant exhibited
a decreased ability to dimerize (Blackinton et al. 2005).
In vitro the M26I mutation leads to a decrease in sec-
ondary structure, a decreased stability relative to the wild-
type protein, and the formation of both an altered dimer
and higher order oligomers (Hulleman et al. 2007). Here
we use circular dichroism (CD) spectroscopy and solution
state NMR spectroscopy to compare the structural con-
sequences of these five PD-linked DJ-1 mutations. We find
that the L166P mutant is highly and globally unfolded, con-
sistent with its rapid degradation, inability to dimerize, and
compromised function. The E64D mutant, as expected, closely
resembles the wild-type protein. Interestingly, the three
remaining mutants all appear to maintain the global fold of
the wild-type protein, but all three exhibit a decreased
thermodynamic stability as well as structural changes that
propagate beyond the immediate vicinity of the mutation.
These effects may therefore be expected to underlie the
functional effects of these PD-linked mutations.

Results

Solution structure and dynamics of wild-type DJ-1
resemble those in the crystal state

To characterize the structural properties of wild-type DJ-1
in solution, we acquired two- and three-dimensional
NMR spectra in order to permit the assignment of
individual backbone resonances to their originating sites

within the protein sequence. The proton-nitrogen hetero-
nuclear single quantum coherence (HSQC) NMR spec-
trum of the protein, shown in Figure 2 (left panel), is
annotated accordingly. The spectrum of the wild-type protein is
well dispersed, occupying a chemical shift range of ;4.5 ppm
and 30 ppm in the proton and nitrogen dimensions, respectively,
and is typical for that of a well-folded protein. Only a
single set of resonances is observed, consistent with a
symmetric homodimeric structure. The presence of both
widely dispersed resonances, as well as more crowded
regions near the center of the spectrum are consistent with
the presence of both a-helix and b-sheet structure. We
analyzed the location of individual secondary structure
elements within the protein sequence using a chemical
shift index analysis (Wishart and Sykes 1994). The
a-helix and b-strand secondary structure elements pre-
dicted based on the NMR chemical shifts are in good
agreement with those observed in the crystal structure
of the protein (Table 1), although the boundaries do not
match precisely in every case and several two-residue
strands are not identified in the chemical shift analysis,
since the algorithm involved requires a minimum stretch of
three residues to define a strand (the 122–123 strand is an
exception in that it is identified as a four-residue strand
from positions 122–125). An additional exception is
a-helix 6, which extends from Lys 130 to Met 133 in the
crystal structure but is not predicted by the chemical shift
index. Although the shifts of residues Lys 130, Asp 131,
and Lys 132 are all indicative of helical structure, that of
Met 133 is not, and the algorithm requires a minimum

Figure 1. (A) Amino acid sequence of human DJ-1. Locations of disease linked mutations M26I, E64D, A104T, D149A, and L166P

are underlined, with the mutations indicated in boldface above the wild-type sequence. (B) Crystal structure of the wild-type DJ-1

dimer (Wilson et al. 2003) showing one monomer in gray and the other in green. The locations of PD-linked mutations are shown and

labeled in red. M26 and A104 are highly buried within the interior of the monomer; L166 is located between two helices that form part

of the dimer interface; and E64 and D149 are relatively surface exposed.

Structural effects of DJ-1 mutations
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stretch of four helical residues to define a helix. Never-
theless, the fact that three of the four shifts in this region are
indicative of helix suggests that this short helix likely exists
in solution as well.

To assess the dynamic properties of the wild-type
protein in solution, we measured the steady-state hetero-
nuclear [1H-15N] NOE (hNOE) for well-resolved back-
bone resonances in the two-dimensional spectrum of the
protein. Values of this parameter near 1 indicate reduced
librations of the NH bond vector on the picosecond-
nanosecond timescale, whereas lower values indicate in-
creasing degrees of bond vector motions. As can be seen
in Figure 3 , the majority of the residues in the protein
exhibit hNOE values near 1 (average value of 0.90 6

0.09), which are typical for residues in rigid regions of
well-folded proteins. Deviations from this range occur for
residues at the very N and C termini, as is often seen, but
also for residues 39–42, 63–67, 85, and 151–152. Residue
85 occurs at a kink between a-helix 3 and a-helix 4,
whereas the remaining regions represent loops linking
elements of secondary structure (b-strands 2 and 3,
a-helix 2 and b-strand 5, and b-strands 10 and 11, respec-

tively). Thus, fast timescale backbone mobility in wild-
type DJ-1 occurs primarily in loops or hinges, regions that
are typically somewhat mobile in well-folded proteins. To
compare these results with those for DJ-1 in the crystal
state, we plotted the (inverted and arbitrarily scaled)
B-factor values obtained during the crystal structure deter-
mination (Wilson et al. 2003) along with the hNOE values
(Fig. 3). Evidently, regions with reduced hNOE values
also exhibit increased mobility in the crystal state. An ex-
ception is residue 85, for which we observed a low hNOE
value but which does not exhibit a B-factor indicative of a
high degree of mobility. However, a-helix 4 as a whole,
extending from residue 86–97, exhibits B-factors indicat-
ing increased mobility relative to other regions of the
protein, and in particular relative to a-helix 3 (residues
76–83). Thus, the mobility detected in the hNOE data for
residue 85 may reflect mobility at a hinge that allows (slower)
rigid body motions of a-helix 4 relative to a-helix 3.

L166P DJ-1 mutant is profoundly unfolded

Because the L166P mutation appears to have the most
severe effects on the structure and stability of DJ-1, we

Figure 2. Proton-nitrogen correlation (HSQC) NMR spectra of wild-type (left panel) and L166P mutant (right panel) DJ-1 in 20 mM phosphate buffer, 2

mM DTT, pH 6.5 at 27°C. For the wild-type protein, good dispersion is evident in both the proton and nitrogen dimensions, consistent with a well-folded

structure. The expected number of non-proline backbone amide groups (180 total) can be resolved in the spectrum, and sequence-specific resonance assignments

are indicated. For the L166P mutant, poor dispersion is evident in both the proton and nitrogen dimensions, while the individual resonances are sharp and intense,

indicating a poorly folded and highly flexible ensemble of structures. The dashed box in the right panel highlights the glycine region of the L166P spectrum.
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examined the effects of this mutation first, using CD
measurements of secondary structure content and thermal
stability as well as two-dimensional NMR experiments.
The far-UV CD spectrum of L166 DJ-1 was characteristic
of a highly unfolded polypeptide, with a drastic decrease
in secondary structure content compared with that of the
wild-type protein (Supplemental Fig. 1), as previously
reported (Olzmann et al. 2004; Shendelman et al. 2004).
Nevertheless, some degree of residual helical structure is
suggested by a shoulder in the spectrum around a wave-
length of 222 nm. Consistent with its largely unfolded
state, the L166P mutant did not exhibit a cooperative
unfolding transition when the CD signal at 222 nm was
measured while raising the temperature from 0°C to 96°C
(Supplemental Fig. 2), as was also previously observed
(Olzmann et al. 2004; Shendelman et al. 2004), but again
the presence of residual structure was suggested by a
slight decrease in the amplitude of the 222-nm signal at
the highest temperatures. In contrast, the wild-type pro-
tein exhibits a sigmoidal unfolding transition centered
at ;77°C.

The CD data clearly indicate that the L166P mutant is
highly destabilized relative to the wild-type protein, but
they suggest that some level of residual secondary struc-
ture remains in the mutant. This could result from the
formation of transient helical and/or strand structures at
different sites throughout the protein or from the presence
of a small region or core that resists the destabilizing
effects of the mutation and maintains a well-ordered

structure while the remainder of the protein unfolds fully.
To further evaluate the degree of unfolding of the L166P
mutant, we compared HSQC spectra of the mutant and
wild-type proteins (Fig. 2). In contrast to the spectrum of
the wild-type protein, that of the L166P mutant is poorly
dispersed, occupying a chemical shift range of only ;1
ppm in the proton dimension (excluding side-chain reso-
nances) and 22 ppm in the nitrogen dimension. This low
level of dispersion is typical of proteins that are largely
unfolded and lacking in the tertiary interactions that
provide individual residues with unique local environ-
ments. In addition, the resonances in the L166P spectrum
exhibit narrower linewidths than those in the wild-type
spectrum, indicating a high degree of flexibility for the
L166P mutant, which is again consistent with a mostly
unfolded polypeptide. Furthermore, certain regions of the
spectrum exhibit more than one set of resonances. For
example, the unique nitrogen chemical shift of glycine
residues permits the confident identification of the 22
resonances within the dashed box in Figure 2 (right panel)
as arising from glycines. There are only 18 glycine residues
in the primary sequence of DJ-1 (Fig. 1A), but four of them
fall immediately next to proline residues. It is likely that the
additional peaks are the result of cis/trans isomerization of
the Gly-Pro peptide bond, consistent with a flexible
unfolded ensemble of states. The absence of any subset
of well-dispersed resonances in the spectrum of L166P DJ-
1 indicates that the loss of structure caused by this mutation
is profound, extending throughout all regions of the protein,
and that the residual secondary structure implied by the CD
spectrum of this mutant does not result from a subdomain
or core region that remains folded despite the destabilizing
effect of the mutation.

Table 1. Secondary structure in wild-type DJ-1

Secondary
structure
elementa

Boundaries
according to

crystal structureb

Boundaries according
to chemical shift

indexc

Strand 5–10 4–11

Helix 16–28 18–28

Strand 32–37 29–36

Helix 58–63 58–63

Strand 69–72 69–72

Helix 76–83 77–83

Helix 86–97 86–97

Strand 101–105 101–105

Strand 109–114 109–114

Strand 122–123 122–125

Helix 130–133 Not predicted

Strand 146–149 146–149

Strand 152–155 151–155

Helix 161–173 162–172

Helix 175–182 175–183

a Two-residue b-strands (present at residues 44–45, 51–52, 56–57, and
140–141) are not included, except for the 122–123 strand, which was
detected as a four-residue strand according to chemical shift index.
b Determined using the Kabsch-Sander algorithm (Kabsch and Sander
1983) as implemented by the program MOLMOL (Koradi et al. 1996)
applied to Protein Data Bank entry 1P5F (Wilson et al. 2003).
c Determined using the CSI program (Wishart and Sykes 1994).

Figure 3. Backbone mobility of wild-type DJ-1 as indicated by [1H-15N]

steady-state heteronuclear NOE values (gray) and crystallographic

B-factors (black line). To facilitate the comparison, the B-factors (Wilson

et al. 2003) were inverted, arbitrarily scaled, and translated. Thus, as

shown, lower values in both plots indicate increased mobility.
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M26I, A104T, and D149A DJ-1 mutants remain folded

The far-UV CD spectra of the M26I, A104T, and D149A
DJ-1 mutants (Fig. 4) are similar in shape to that of the
wild-type protein but reproducibly exhibit a decreased
signal amplitude, with the effect being most pronounced
for the D149A mutant. The decreased signal amplitude
could result either from a perturbation in the structure of
each of the mutants, or from a global destabilization
that leads to an increased population of unfolded protein
at equilibrium with a well-folded population. To assess
whether these mutations also affect the stability of DJ-1,
we monitored temperature melts of each mutant using the
CD signal at 222 nm. The data (Fig. 5) reveal that all
three mutations exhibit an unfolding transition at a mid-
point temperature around 69°C, 8°C below that of the
wild-type protein.

To further evaluate the structural effects of each of the
M26I, A104T, and D149A mutations, two-dimensional
NMR proton-nitrogen correlation spectra were acquired
for each variant and compared with that of the wild-type
protein (Fig. 6). Each of the three spectra clearly exhibits
a degree of resonance dispersion equivalent to that of the
wild-type protein, indicating that each mutant, like the
wild type, populates a highly folded conformation with
well-formed elements of a-helix and b-sheet structure. In
addition to maintaining a high level of resonance dis-
persion, a large fraction of the resonances in the spectra
of each of the three mutants are superposable with equiv-
alent resonances in the spectrum of the wild-type protein.
Because chemical shifts are exquisitely sensitive to

changes in local environment, this is a strong indication
that the regions of the polypeptides from which these
superposable resonances arise adopt a highly similar
structure in both the wild-type and mutant proteins. In
contrast, where chemical shift changes are evident, they
must reflect a change in the local environment of the cor-
responding residues. This can be caused by changes in
the conformation of either these residues themselves or
spatially proximal residues. To identify which regions of
each mutant experience the greatest mutation-induced
perturbations, we estimated the weighted average of the
amide proton and nitrogen chemical shift change for each
resonance in the spectrum (see Materials and Methods)
and plotted the data out as a function of residue number
for each mutant (Fig. 7). Clearly, in each case, resonances
arising from sites immediately adjacent to the site of the
mutation experience large changes in chemical shifts. In
each case, however, chemical shift changes were also
associated with regions that were not directly adjacent in
sequence to the site of the mutation. To visualize the
location of these regions relative to the mutation site in
space, we mapped sites with weighted chemical shift
deviations above a threshold value of 0.07 ppm onto the
crystal structure of wild-type DJ-1 (Fig. 8). The threshold
value was chosen heuristically based on the visual in-
spection of the data with the intent to include all regions
that display significant chemical shift changes. In each
case, chemical shift perturbations above this threshold
value were found to occur for residues that were in the
spatial vicinity of the mutated residue (for further dis-
cussion, see below).

Figure 4. Circular dichroism spectra of wild-type and mutant DJ-1. The spectrum of the wild-type protein is typical of a well-

structured protein containing both a-helical and b-sheet secondary structure. The spectrum of the E64D mutant is essentially identical

to that of the wild-type protein. For the M26I, A104T, and D149A mutants, the spectra indicate a decrease in secondary structure

content, as shown by the decreased signal at 222 nm, as well as in other spectral regions.
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E64D DJ-1 closely resembles the wild-type protein

The far-UV CD spectrum (Fig. 4), the 222-nm CD
melting curve (Fig. 5), and the two-dimensional NMR
proton-nitrogen correlation spectrum (Fig. 6) of the E64D
DJ-1 mutant were all nearly identical to the correspond-
ing data for the wild-type protein, confirming that the
structure of this mutant is minimally perturbed. In
contrast to prior reports, we do not observe either an
increase (Gorner et al. 2004) or a decrease (Hulleman
et al. 2007) in the thermodynamic stability of the E64D
mutant. Chemical shift deviations in the two-dimensional
NMR spectrum of this mutant were smaller than those
observed for the other mutants and were essentially
restricted to residues adjacent to the site of the mutation
in the protein’s primary sequence, as would be expected
for a conservative mutation at a highly surface-exposed
residue.

Discussion

Mutations in the protein DJ-1 are associated with a
recessive form of early onset PD. Although such muta-
tions are relatively rare as a cause of PD (Pankratz et al.
2006), they nevertheless provide an opportunity to
uncover pathways that are involved in the etiology of
this syndrome. To do so, it is imperative to elucidate the
relevant normal functions of DJ-1, which of these normal
functions are disrupted in PD, and how this disruption is
caused. For PD-linked DJ-1 mutations that lead to
changes in the amino acid sequence of the intact protein,
functional effects are likely to be fundamentally mediated
by associated changes in the physicochemical properties

of the mutant proteins. To help determine the nature and
extent of such changes, we studied the effects of five
known PD-linked mutations on the structure and stability
of DJ-1.

In general, mutations can interfere with protein func-
tion through a variety of mechanisms. At one extreme,
mutations can lead to global destabilization and unfolding
of a protein, which is usually associated with complete
loss of function, at least for proteins that require a well-
folded conformation to carry out their biological activ-
ities. At the other extreme, mutations can lead to subtle
changes on a protein’s surface that can modulate its inter-
actions with binding partners in ways that compromise its
function without perturbing its structure. Intermediate
effects are also possible, where the conformation of a
protein can be locally (or globally) altered in ways that do
not lead to complete global unfolding but nevertheless
perturb structural (or dynamic) properties that are crucial
for function.

Our results indicate that the known PD-linked DJ-1
mutations cover the entire range of potential effects on
the structure of the protein. At one extreme, the E64D
DJ-1 mutation leaves the structure of the protein essentially
unperturbed and appears to alter only the immediate
vicinity of the mutated side chain, which is located at
an exposed position on the protein surface. This is indi-
cated by the lack of changes in the CD spectrum and
melting curve of the protein (Figs. 4, 5), combined with
the very limited extent of chemical shift perturbations that
are observed in two-dimensional NMR spectra of this
mutant (Figs. 6, 7). These results are entirely consistent
with the previously determined crystal structure of this
mutant, which shows no significant changes compared
with the structure of the wild-type protein (Hering et al.
2004). At the other extreme, the L166P mutation leads to a
severe destabilization and global unfolding of DJ-1. The
CD data, in agreement with previous reports (Olzmann
et al. 2004; Shendelman et al. 2004), indicate a dramatic
disruption in secondary structure content, and the two-
dimensional NMR spectrum of this mutant is clearly
indicative of a highly disordered and flexible polypeptide
chain (Fig. 2, right panel). Although this severe destabili-
zation of the L166P leads to an increased rate of degrada-
tion in vivo (Macedo et al. 2003; Gorner et al. 2004;
Olzmann et al. 2004), the degree of structural perturbation
implied by our NMR spectra of L166P DJ-1 make it clear
that the primary cause of the loss of function associated
with this mutant is the loss of the protein’s native structure
and that the rapid degradation of the protein in vivo is a
secondary effect.

The structural effects of the other three PD-linked DJ-1
mutants are intermediate between the extremes delineated
by the E64D and L166P mutations. Unlike the L166P
mutation, none of these mutations disrupt the global fold

Figure 5. Temperature dependence of circular dichroism signal at 222 nm

for wild-type and mutant DJ-1. The data for the wild-type protein indicate

a loss of helical secondary structure with a transition midpoint of ;77°C.

The E64D mutant melts at the same temperature as the wild-type protein,

but the M26I, A104T, and D149A mutants melt at a temperature ;8°C

below that of the wild-type protein.
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Figure 6. Overlaid proton-nitrogen correlation (HSQC) NMR spectra for wild-type (in black) and mutant (in red) DJ-1. The spectrum

of the E64D mutant is nearly identical to that of the wild-type protein, with only resonances originating from the immediate vicinity of

the mutation showing changes. For the M26I, A104T, and D149A mutants, the spectra exhibit a degree of dispersion comparable to,

and retain a great deal of similarity to, the spectrum of the wild-type protein, suggesting that the overall structure of the protein is not

dramatically altered by these mutations. Nevertheless, all three spectra reveal significant shifts in the positions of numerous resonances,

many of which are not in the immediate vicinity of the mutation, indicating some degree of structural perturbation.
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of DJ-1. First, the CD spectra of all three mutants are
similar in shape to that of the wild-type protein and
clearly reflect the presence of well-formed elements of
secondary structure. Furthermore, the two-dimensional
NMR spectra of all three of these mutants (Fig. 6) are
very similar to that of the wild-type protein and contain a
large number of resonances that precisely overlap the
location of corresponding resonances in the spectrum of
the wild-type protein. Because of the exquisite sensitivity
of NMR chemical shifts to changes in the local environ-
ment of the originating nuclei, the observed degree of
similarity between the wild-type and mutant spectra is a
highly reliable indication that the overall fold of the
proteins is the same and is not globally perturbed. In
addition, this same argument implies that all three of
these mutants are dimers in solution and dimerize through
the same interface observed in the crystal structure of the
wild-type protein. If the mutations led to the disruption of
the DJ-1 dimer, even without further perturbation of the
monomer structure, residues at the dimer interface would
experience a profound change in their local environment
and would be expected to exhibit significant chemical
shift changes. No such changes are observed for any of

the mutants for resonances originating from the dimer
interface (Figs. 7, 8). The conclusion that the M26I,
A104T, and D149A mutants are all dimeric is consistent
with previously reported pulldown assays that showed
that each of these mutants is able to form both homo-
dimers as well as heterodimers with the wild-type protein
(Blackinton et al. 2005).

Given that the global structure of DJ-1 remains intact
for the M26I, A104T, and D149A mutants, the decrease in
secondary structure indicated in the CD spectra of the
three mutants implies either that these mutations cause
local perturbations of secondary structure within the pro-
tein, or possibly that they lead to a decrease in the
thermodynamic stability of the protein such that the
decreased CD signal reflects an equilibrium between
well-folded and unfolded forms of the protein. Indeed,
our CD melts demonstrate that each of the three proteins
has a thermal melting temperature that is decreased by
;8°C relative to that of the wild-type protein. Never-
theless, the melting temperature of the mutants (69°C)
remains far above the temperatures at which the CD and
NMR spectra were acquired (27°C), and at the latter tem-
perature, it is not expected that an appreciable fraction of

Figure 7. Weighted average of estimated chemical shift changes between the 1H-15N HSQC spectra of wild-type and mutant DJ-1 as a

function of residue position. The weighted average of the 1H and 15N chemical shifts of a given residue was calculated as [(Dd1H)2 +

(Dd15N)2/25]1/2/2 (Grzesiek et al. 1996).
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unfolded protein would exist at equilibrium. In addition,
if a significant population of unfolded protein existed at
the conditions used for the CD and NMR experiments,
this population should have been detectable as a second
distinct set of signals in the NMR spectra, with dispersion
properties similar to those observed for the highly un-
folded L166P mutant. Since no such signals were ob-
served in the NMR spectra, even at low contour levels
(data not shown), it appears that at the temperature used

here, all three of these mutants retain sufficient stability
to remain well-folded. Therefore, it can be argued that
the decrease in secondary structure observed in the CD
spectra of all three mutants is likely caused by structural
perturbations within the folded protein. Consistent with
this conclusion, all three of these mutants give rise to
chemical shift changes that propagate beyond residues in
the immediate proximity of the site of mutation in the
protein sequence, but do not indicate global unfolding.

Our knowledge of the high-resolution structure of wild-
type DJ-1 allows us to identify the structural elements
that are most likely perturbed by each of the mutations by
mapping the locations associated with chemical shift
changes onto the structure. Figure 8 shows such a map-
ping for each of the three mutants. In the case of the M26I
mutation, which occurs in a-helix 1, residues whose
associated chemical shifts are most strongly affected are
found at the C-terminal end of a-helix 1 and the linker
from this helix to b-strand 2, at the N-terminal ends of
b-strands 1, 2, and 6, which form part of a six-stranded
parallel b-sheet, in the kink between a-helices 7 and 8,
and also in the middle of a-helix 8. Thus, the decrease in
secondary structure associated with this mutant might be
expected to result from a fraying of the C terminus of
a-helix 1 and the N-terminal regions of the three affected
b-strands, as well as an alteration in the C-terminal region
of a-helix 7 and a part of helix 8.

The A104T mutation is found in b-strand 7 of the wild-
type structure, near its C-terminal end. Chemical shift
changes caused by this mutation are associated with
residues in the C-terminal ends of adjacent b-strands 6,
7, and 11 of the six-stranded sheet; at the N termini of
a-helices 3 and 5, which immediately follow strands 6 and
7, respectively; at the N terminus of a-helix 6; and in the
middle of a-helix 7. A perturbation is also present at the
C terminus of b-strand 2. In this case, perturbations
localized predominantly to one half of the six-stranded
b-sheet and fraying at the nearby N termini of three
a-helices are expected to account for the changes observed
in the CD spectrum of this mutant, although somewhat
more distant residues (in strand 2 and helix 7) may be
affected as well.

Residue D149 is located at the C terminus of b-strand
10, which can be considered to be either the third strand
in a three-stranded antiparallel b-sheet that abuts the
larger six-stranded parallel sheet (Wilson et al. 2003), or a
seventh antiparallel strand at the end of the latter sheet
(Tao and Tong 2003). Alteration of this residue to alanine
leads to shifts in resonances originating from the two
other strands in the three-stranded sheet (b-strands 8 and
9) as well as in strands 11 and 7, located at the adjacent
end of the parallel sheet. The loops between a-helix 6 and
b-strand 8 and between b-strands 10 and 11 are also
affected. The fact that this mutation leads to perturbations

Figure 8. Chemical shift changes in DJ-1 mutants M26I (A), A104T (B),

and D149A (C) mapped onto the structure of the wild-type protein. The

location of all three mutations is shown in each panel with residue M26 in

orange, A104 in dark blue, and D149 in red. Residues exhibiting weighted

average chemical shift changes above a threshold value of 0.07 are

highlighted in light orange for the M26I mutant, light blue for the

A104T mutant, and pink for the D149A mutant. Images were created using

PyMOL (DeLano Scientific; http://www.pymol.org).
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in two different b-sheets may account for the slightly
greater decrease in secondary structure that is indicated
by the CD spectrum of this mutant, although unlike what
is observed for the other mutations, in this case there are
no chemical shift perturbations associated with any ele-
ments of a-helical structure.

Because there are few reported studies of the properties
of the M26I, A104T, and D149A DJ-1 mutants, there is
little context in which to interpret our results. All three
mutants were shown to exhibit increased rates of turnover
in cells (Blackinton et al. 2005), consistent with both the
structural and thermodynamic destabilization that we
have documented here, but the M26I turnover rate was
significantly higher than for A104T and D149A, although
not as high as for the L166P mutant. For the M26I mutant,
a recent report also indicated a decreased level of sec-
ondary structure as seen by CD, in agreement with our
own results (Hulleman et al. 2007). This study also showed,
using size exclusion chromatography, that M26I is capable
of forming dimers. Although the authors did not observe
any heat denaturation of the M26I mutant by CD, in
contrast with our own results, they did establish that this
mutant is thermodynamically destabilized using chemical
denaturant melts. The same study also noted that the M26I
mutant has a higher propensity to oligomerize than the
wild-type protein. In agreement with this result, we did
observe that our M26I NMR samples were unstable over a
timescale of several days, with the formation of a visible
precipitate accompanying significant degradation in spec-
tral quality. With regard to the A104T or D149A DJ-1
mutations, prior to our own work reported here, no such
information has been reported. For all three of these
‘‘intermediate’’ mutations, no functional studies have been
reported.

Despite the absence of specific information about
functional changes caused by the M26I, A104T, and
D149A mutations, our results can be combined with what
is known about the functions of wild-type DJ-1 to propose
how these mutations might inactivate such functions.
Both the chaperone and antioxidant proposed functions
of DJ-1 appear to depend on oxidation/reduction of Cys
106 of the protein. Cys 106 is located just C-terminal to
the end of b-strand 7, in close proximity to the antipar-
allel three-stranded sheet, the N termini of helices 6 and
7, and the C termini of b-strands 6, 7, and 11 of the six-
stranded sheet. These structural elements are precisely the
ones affected by the A104T and D149A mutations, as
discussed above, and we therefore conjecture that these
mutations compromise DJ-1 function by locally perturb-
ing the protein geometry surrounding Cys 106 in such a
way as to interfere with proper involvement of this resi-
due in the function of the protein. In contrast, the M26I
mutation affects structural elements that are relatively
distant from Cys 106, and such a mechanism is less likely

to be the basis of DJ-1 inactivation by this mutation.
Instead, we propose that in the case of M26I, a perturba-
tion of structure in a-helix 1, which is a central feature of
the DJ-1 dimer interface, disrupts the contacts at this
interface and leads to the previously noted decrease in the
stability of the dimer (Hulleman et al. 2007). This
decreased dimer stability is, in turn, likely responsible
both for the aggregation/precipitation observed by
ourselves and Hulleman et al. (2007) as well as for the
greatly increased turnover time of this mutant in cells
relative to all other mutants save the highly unfolded
L166P variant. Thus, the M26I mutant can form dimers,
which based on the lack of structural perturbation near
Cys 106 may be functional, but the instability of these
dimers leads to aggregation and/or clearance of the pro-
tein, which we then propose is the fundamental cause of
the loss of function of this DJ-1 mutant.

While the work presented here was under review, an
article appeared describing the crystal structures of the
M26I and A104T DJ-1 mutants (Lakshminarasimhan
et al. 2008). The results are largely consistent with those
described here. In particular, both mutant proteins adopt
dimeric structures in which the global fold of the wild-
type protein is closely preserved, in agreement with our
conclusions based on the NMR data. Furthermore, the
sites observed to be most clearly perturbed in the crystal
structures of the mutants correspond to the regions with
the greatest chemical shift changes in the NMR spectra of
the mutants. Specifically, the A104T crystal structure
shows significant (;0.4 Å) displacements of residues L72
and L112, which are in those regions that show the
greatest chemical shift deviations, aside from the site of
the mutation itself (Fig. 7). Notably, the position of
residue T154 is also slightly perturbed, and this is clearly
reflected in the chemical shift data as well. The M26I
structure shows an even larger (;0.7 Å) displacement for
residue I31, which falls into the region exhibiting the
largest chemical shift changes observed for any of the
well-folded mutants in our study. An analysis using
the program PROCOMPARE (part of the PROCHECK
program suite) (Laskowski et al. 1993) shows additional
changes in the backbone dihedral angles of residues 32
and 33, consistent with large chemical shift changes at
these sites, as well as smaller dihedral angle changes for
residues 4 and 5, in accordance with smaller chemical
shift deviations in this region. For both mutants, the
chemical shift data delineate smaller changes at a number
of other sites that are not obviously perturbed in the
crystal structures. This likely reflects the exquisite sensi-
tivity of chemical shifts to local environment and their
ability to reflect changes that may be difficult to discern
in crystal structures, even at high resolution. One sig-
nificant difference between our results and those obtained
based on the recent crystal structures is in the secondary
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structure content of the M26I and A104T mutants. In
contrast to the partial loss of secondary structure implied
by our CD data, the secondary structure elements of both
mutants are fully intact in the crystal structures and are
essentially identical to those of the wild-type protein.
Although it is possible that partial oxidation of Cys 106 in
our samples, as reported in prior studies (Hulleman et al.
2007), might be responsible for this difference, this would
be expected to give rise to chemical shift changes around
Cys 106 and we do not observe such changes for the M26I
mutant in particular (Fig. 7). Alternate possible explana-
tions for this disagreement may include the potentially
stabilizing effects of crystal lattice packing or differences
in the conditions used in the two studies.

Conclusions

This work provides a comprehensive comparison of the
physicochemical properties of five PD-linked DJ-1 mu-
tants and both complements and extends previous results
obtained for different individual mutations. By combining
CD and NMR spectroscopy to study the effects of these
mutations on the structure and stability of DJ-1, we have
proposed different mechanisms by which each of the
mutations likely leads to a loss of DJ-1 function. We first
established that the structure and dynamics of the wild-
type protein in solution closely resemble those observed
in its crystal structure. For the E64D mutation, our results
confirm the previously noted absence of any significant
structural changes but, in contrast to other work, indicate
that no significant change in thermodynamic stability
occurs either. We therefore suggest that this mutation
most likely alters interactions of DJ-1 with other cellular
partners that are crucial for proper execution of its func-
tion(s). For the L166P mutation, our results reveal that the
extent of the previously noted structural disruption of this
mutant is profound in that no regions of stable structure
persist within this mutant. Thus, this mutation leads to a
highly unfolded form of the protein that no longer pos-
sesses the structural features needed to carry out its
function(s). The increased clearance and decreased steady-
state levels of this protein in cells are not the primary cause
of the loss of function exhibited by this mutant, and are
instead, a secondary consequence of the observed loss of
structure. In the case of the A104T and D149A mutations,
we show that both mutant proteins adopt the dimeric wild-
type fold and that many aspects of their structures are
essentially identical to those of the wild-type protein.
However, both of these mutations lead to local structural
perturbations in the spatial vicinity of residue Cys 106, a
likely key mediator of DJ-1 function, and these perturba-
tions may therefore preclude formation of the requisite
functional local geometry around this residue. We find that
the M26I mutant is also able to adopt the dimeric wild-type

fold, and in this instance, the vicinity of residue Cys106 is
not directly perturbed, suggesting that this mutant may in
fact be functional. However, chemical shift changes in
charged residues near M26 may reflect alterations that
influence Cys 106 oxidation and thereby underlie the
reported effects of this mutation on the stability of the
oxidized form of the protein (Hulleman et al. 2007). In
either case, this mutation interferes with structural elements
that are key components of the DJ-1 dimer interface, and
appears thereby to destabilize this interface, causing the
protein to dissociate more easily and subsequently to aggre-
gate. In cells, this effect is accompanied by a greatly in-
creased rate of clearance of this mutant, which we propose
is the primary cause of the associated loss of function in
this case. Testing these hypotheses will require further ex-
periments, both to characterize in greater detail the struc-
ture and dynamics of the mutants, and to characterize more
fully their functional effects in situ and in vivo. Ultimately,
an improved understanding of how DJ-1 inactivation takes
place in, and contributes to, PD should emerge.

Materials and Methods

Expression and purification of isotopically labeled
DJ-1and its mutants

We utilized a previously constructed pET24d plasmid construct
(Tao and Tong 2003) generously provided by Dr. Liang Tong
(Department of Biological Sciences, Columbia University, New
York) containing the cDNA sequence of wild-type DJ-1 fused to
a C-terminal hexa-histidine tag. The QuikChange site directed
mutagenesis kit (Stratagene) was used to produce plasmids
encoding the PD-linked DJ-1 mutants M26I, E64D A104T,
D149A, and L166P. All constructs were verified by DNA se-
quencing. Recombinant proteins were overexpressed in Escheri-
chia coli at 37°C using IPTG to induce cultures at mid-log
phase (OD600 of 0.6). To produce isotopically labeled samples
for NMR studies, single colonies were inoculated into M9
minimal media containing ammonium chloride as the sole
source of nitrogen and dextrose as the sole source of carbon.
15N-enriched ammonium chloride (1 g/L) was used to produce
uniformly 15N-labeled proteins, and 13C-enriched dextrose (2 g/L)
was additionally used to produce uniformly 13C,15N-labeled
proteins. For production of fractionally deuterated proteins,
cultures were grown in media made using 99% D2O (Cambridge
Isotope). Cells were harvested by centrifugation after 4 h, and
proteins were purified using a standard protocol. In brief, cells
were subjected to one cycle of freeze- thaw in lysis buffer (10
mM Tris, 1 mM EDTA, 1mM DTT, 1mM PMSF, pH 8.0) and
sonicated on ice, followed by ultracentrifugation to pellet
insoluble cell debris. DJ-1 and all mutants were found in the
soluble fraction. The supernatant was subjected to two ammo-
nium sulfate cuts (0.116 g/mL followed by an additional 0.129 g/
mL), and the resulting supernatant was applied to a nickel
affinity column, which was thoroughly equilibrated with lysis
buffer, washed (350 mM NaCl, 20 mM imidazole, 20 mM Tris,
1.5 mM BME, 2 mM DTT, pH 8.0), and eluted with an
imidazole gradient (up to 250 mM imidazole in wash buffer).
SDS-PAGE was used to locate DJ-1–containing fractions, which
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were pooled, applied to a DEAE anion exchange column
(equilibrated with 25 mM Tris, 20 mM NaCl, 1 mM EDTA,
1 mM DTT, pH 6), and eluted with a NaCl gradient (up to 1 M NaCl
in equilibration buffer). Protein containing fractions were
pooled, concentrated, and dialyzed against 20 mM sodium
phosphate, 2 mM DTT, pH 6.0. Protein purity was assessed to
be greater that 95% using SDS-PAGE (Supplemental Fig. 3),
and mass spectrometry was used to verify the identity, purity,
and isotopic labeling of the protein. Only freshly prepared
samples were used in all experiments. Protein concentrations
were obtained from measurements of absorption at 280 nm
using an extinction coefficient of 4207.8, initially determined
using a BCA Protein Assay (Pierce). Typical protein concen-
trations were 50 mM for CD experiments and 250 mM for NMR
experiments.

Circular dichroism

CD spectra were acquired on an AVIV 62 DS spectrometer
equipped with a sample temperature controller. Far-UV CD
spectra were monitored from 190 to 260 nm with a step size of
1 nm and response time of 4 sec, using a 0.2-mm path-length
quartz cuvette at 27°C. Each spectrum is the average of five
scans. Thermal denaturation measurements were performed in
the same cuvette at a wavelength of 222 nm in 4°C increments
from 0°C to 96°C with an equilibration time of 1 min and an
integration time of 30 sec. All CD spectra and melting curves
were acquired in at least two independent measurements to
ensure reproducibility, and representative data are presented in
the figures.

NMR

Triple-resonance NMR experiments (HNCACB, CBCACONH,
HN(CA)CO, and HNCO) and measurements of the steady-state
[1H-15N] NOE were performed using TROSY versions with
fractionally deuterated protein samples on a 900-MHz Bruker
instrument at the New York Structural Biology Center. Proton-
nitrogen correlation spectra of the DJ-1 variants were acquired
on a 600-MHz Varian instrument at the Weill Cornell Medical
College NMR facility. All spectra were collected at a temper-
ature of 27°C. Spectral widths of 14, 40, 65, and 20 ppm were
used for the proton, nitrogen, Ca/Cb, and CO dimensions,
respectively. Spectra were processed using NMRPipe (Delaglio
et al. 1995) and analyzed using NMRView (Johnson and Blevins
1994). Steady-state heteronuclear NOE measurements were per-
formed using 4 sec of proton saturation applied (or not) during a
5-sec relaxation interval. Three pairs of spectra (with and with-
out saturation) were acquired, and the variance in the resonance
intensity ratios was used to estimate errors.

Resonance assignments for backbone NH, 15N, Ca, and CO,
as well as Cb nuclei were obtained for the wild-type protein
using inter-residue connectivities observed in triple-resonance
experiments. Based on the Cb chemical shifts of all three DJ-1
cysteine residues (27.99, 27.55, and 27.51 ppm for Cys 46, 53,
and 106, respectively) and the lack of any doubling of the Cys
resonances, samples were confirmed to be fully reduced. To
estimate the chemical shift changes induced by the PD-linked
M26I, E64D, A104T, and D149A mutations, tentative assign-
ments of the proton-nitrogen correlation spectrum of each
mutant were obtained by transferring each previously obtained
wild-type resonance assignment to the nearest resonance in the
spectra of the mutant proteins, unless that resonance had already

been assigned to a (nearer) wild-type resonance, in which case
the next nearest resonance was considered. While this strategy
does not guarantee correct assignments, it will in general
underestimate the chemical shift change in those cases where
the assignments are incorrect. Thus, where chemical shift
deviations are observed using this method, they can be con-
sidered to reliably indicate changes in the local environ-
ment of the originating residue. To assess such changes, the
weighted average of the amide proton and nitrogen chemical
shift changes between each mutant and the wild-type protein
were calculated according to the formula [(Dd1H)2 + (Dd15N)2/
25]1/2/2 (Grzesiek et al. 1996).

Electronic supplemental material

Supplemental material contains three figures showing CD data
comparing the L166P mutant with wild-type DJ-1 and an SDS-
PAGE gel of purified DJ-1.
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